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Abstract—Large offshore wind farms are usually composed of
several hundred individual wind turbines, each turbine having
its own complex set of dynamics. The analysis of the dynamic
interaction between wind turbine generators (WTG), intercon-
necting ac cables, and voltage source converter (VSC) based High
Voltage DC (HVDC) system is difficult because of the complexity
and the scale of the entire system. The detailed modelling and
modal analysis of a representative wind farm system reveal the
presence of several critical resonant modes within the system.
Several of these modes have frequencies close to harmonics
of the power system frequency with poor damping. From a
computational perspective the aggregation of the physical model
is necessary in order to reduce the degree of complexity to a
practical level. This paper focuses on the present practices of
the aggregation of the WTGs and the collection system, and
their influence on the damping and frequency characteristics of
the critical oscillatory modes. The effect of aggregation on the
critical modes are discussed using modal analysis and dynamic
simulation. The adequacy of aggregation method is discussed.
Index Terms—Wind Farm, Aggregation, stability, DFIG, VSC,
HVDC.
I. INTRODUCTION
Large offshore wind farms are increasingly being installed
to commercially harness wind energy. The operation of such
large wind farms involve HVDC transmission to transport the
power to shore; however this is reportedly facing a major
technical challenge with the AC waveform in the offshore wind
farm becoming too distorted for the wind turbines to lock.
The waveform distortion problem may occur due to technical
problems within the wind farm, the power collector system,
the VSC based HVDC link or an inherent instability within
the grid.
In [1], the stability analysis of a wind farm system having
136 Wind Turbine Generators (WTGs) is presented using a
detailed representation of the generator and collector system.
The result shows the presence of three medium frequency
modes (MFM) and stator modes in the wind farm system with
poor damping. The MFMs were shown to have frequencies
close to harmonics of the power system frequency and the
stator modes having frequencies close to power frequency. It
is realized that the frequency and damping of these modes are
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influenced by the operating conditions and the VSC controller
tuning.
The results are obtained using detailed modelling of the
WTGs and the collector system. The non-linear dynamic
model developed contains 3436 ordinary differential equations
and its linearised model had 1273 pairs of complex eigen-
values. The analysis of such detailed and complex model by
conventional method for transient and small signal stability
study is impractical.
A more appropriate approach for dynamic simulation of
wind farm is to use aggregated model of WTGs and the
collector system [2]. However, a study using an aggregated
wind farm system is likely to influence the system properties
due to the possibility of the aggregation process masking many
of the internal resonant modes within the wind farm or altering
their characteristics. The objective of this paper is to the assess
impact of the aggregation on the characteristics of internal
wind farm oscillatory modes.
Various methods for wind farm aggregation are presented in
the Section II and the selection of suitable approach to address
the current problem is discussed. An aggregated wind farm
system (AWS) is developed from the full wind farm system
(FWS) described in [1]. A simulation model is developed for
the AWS and the analysis of critical modes is presented in
the Section III through eigenvalue analysis and participation
factor (PF). Comparison between the characteristics of critical
modes present in the FWS and the AWS are discussed, and
the dynamic simulation results are presented in the Section IV.
II. AGGREGATION OF WIND FARM
Modern wind farms contain hundreds of WTGs and several
strings of cables forming the collector system network. Gener-
ally the layout of collector system network within wind farms
are not identical [3], [4], [5]. Also, the operating condition of
individual WTGs in a wind farm is affected by the prevailing
wind speed, direction, wind farm layout and grid operating
conditions [6], [7], [8].
In many studies, the wind farm aggregation is focused on
obtaining the behaviour of the wind farm at the point of
common coupling (PCC) during the normal operation and
grid disturbances alone. A fully aggregated model of wind
farm is proposed by many authors which are claimed to be
adequate to represent general dynamic behaviour of a wind
farm at PCC [10], [11], [12]. In a fully aggregated model the
wind farm is represented by one equivalent wind turbine and
generator. The capacity of the aggregated machine is the sum
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are carried out to establish relationship between wind farm
operating conditions and power system, and aggregation is
carried out under worst operating condition of the wind farm.
However, a fully aggregated model is not adequate when the
wind speed across a wind farm varies and many WTGs operate
below their rated condition. A semi aggregated model is
proposed in [14], [15], [16], [17], [18] to account for changes
in wind speed where the individual wind turbines are modelled
and their aggregate output is fed to an aggregated generator.
In [19], authors argue that the use of average rotor speed for
the aggregated generator can cause some discrepancies and the
performance of the semi aggregated model can be improved
by using a mechanical torque compensation factor.
One aggregated generator and an aggregated collector sys-
tem impedance, however, cannot capture diversity in the
collector system voltage, dynamics of different types of WTGs
used in a wind farm, or variation in output of WTGs due
to wake effect in large wind farms [7]. A multi machine
modelling approach where more than one aggregated machine
is used to represent a wind farm is more appropriate solution.
WTGs having the same incoming wind speed are aggregated
in [11], [20]. Further improvement is proposed [21] in which
wind power curve is divided into many sections and the
WTGs fall in one section are aggregated. In [22], post fault
voltage profile in the collector network is used to determine
number of aggregate machines. In [23], [24], the authors
propose a coherency based approach to find WTGs with
similar behaviour and such coherent groups are replaced with
an equivalent unit. WTGs of specific technology are grouped
separately in [25] to form an aggregated wind farm model.
Output of the aggregated turbine and generator are calcu-
lated by equivalent wind method in many literatures [11], [14],
[26], [27]. In this method, the output power of each wind
turbine is obtained from the incident wind and the output
power curve, and sum of the outputs is equal to aggregated
WTG output. An equivalent output power curve is used
to calculate the equivalent wind incident on the aggregated
WTG. The aggregated wind turbine model is identical to
individual WTG model employing the same electrical and
mechanical parameters in per unit value under the respective
machine bases [28]. In [29] author states that the parameters of
equivalent model must be adaptive to stochastic changes in the
wind farm operating conditions. A recursive identification is
proposed to continuously tune the parameters of the dynamic
equivalent model of the aggregated machine. Methods based
on probabilistic clusturing [26], balanced truncation [30] and
heuristic approximation [31], [32] are also proposed.
Another important aspect of wind farm aggregation is the
accurate and adequate representation of the collector system
network. For a fully aggregated model the entire collector
system is represented using an impedance, and number of
aggregated impedances depend on the number of aggregated
generator. The equivalent impedance is calculated by compar-
ing short circuit impedance [17], [18] or power losses [2], [20]
between the full wind farm network and the aggregated wind
farm network. The collector cable impedance is neglected as it
is small when compared to the transformer impedance [14]. In
[22] authors compare post-short circuit voltage profile in the
full wind farm network to adequately represent voltage profile
diversity in the collector system.
A. Selection of aggregation method
The objective of this study is to analyze effect of aggrega-
tion on the MFMs observed in a wind farm system using full
scale modelling [1]. The modes have participation from states
of models of collector system components. The aggregation
method should (a) preserve the characteristics of the MFM
and (b) reducing the size of the model for ease of simulation
and analysis.
A fully aggregated model is not suitable for studying oscil-
lations inside the collector system as it completely eliminates
these modes from the model. An alternative is to use multi
machine modelling approach where a group of WTGs with
some similarity could be aggregated. Aggregating machines
having similar wind speed is one of the options proposed.
However, in large wind farms such as one discussed in [1],
WTGs in close proximity and similar wind speed may be
located in different strings of the collector system, and their
electrical distance may be large. As a compromise, WTGs
located in a string are aggregated. The turbine of the WTGs
are also aggregated as the mechanical states do not participate
in the collector system oscillatory modes [1], and the wind
speed is assumed to be constant for the duration of the
simulation. The Aggregate impedance of a string is calculated
by comparing the apparent power losses.
B. Wind farm system
Fig. 1: Single line diagram showing high voltage side of the FWS
The full wind farm system (FWS) [1] shown in Fig. 1
contains two wind farms of capacity 465 MW (93x5 MW)
and 165 MW (33x5 MW). They are named as Wind Farm 1
(WF1) and Wind Farm 2 (WF2), respectively. Both the wind
farms are divided into two areas, Area-1 (A1), and Area-2
(A2). An HVDC link is used to connect the wind farms to
the grid. The wind farm transformers (WFT) and the VSC of
the HVDC are connected using 132 kV cables of length 30
3km. The interconnection of 132 kV cables and the VSC is
called PCC. The VSC transfers energy from the wind farm
network to DC line, and controls voltage and frequency at the
PCC [33]. The only feedback loop required for the VSC is
the voltage magnitude as the frequency and phase angle are
predefined. The PCC voltage is compared with a reference
voltage and fed to an integral controller as shown in the Fig.
1. The controller gain is tuned such that the transfer function
between the reference voltage and the PCC voltage has a gain
cross over frequency of 100 Hz.
Fig. 2: Structure of the strings in the FWS
WTGs are connected to the 33/132 kV WFTs using strings
of 33 kV cables. Fig. 2 shows configurations of strings (ST1
to ST7) used in FWS. A string contains between 5 and 10
WTGs, and the 33kV cable length between two WTGs is 1
km. The dotted lines represent 0.6/33 kV WTG transformer
(WTGtr) and triangles represent the WTGs. Each WTG unit
in the FWS is formed of a wind turbine, a DFIG, and a pad
mounted transformer. 33 kV cables of two ratings are used in
the WF1 and WF2 [1]. In WF1, a 33 kV cable connecting a
string to the WFT has a higher capacity compared to the other
33 kV cables. Similarly the WF2 also contains two types of
33 kV cables with lower capacity cables being used to carry
power from, at most, three WTGs.
C. Aggregation of WTGs and pad-mounted transformers
An AWS is developed by representing each string of the
wind farm using an aggregated WTG. Capacity of the ag-
gregated machine is equal to n X capacity of one WTG,
where n is the number of WTGs aggregated. Active and
reactive power output of individual turbines in a string is
aggregated to obtained the output of the aggregated generator
and the equivalent wind speed is obtained from an equivalent
power curve. The electrical and mechanical parameters of the
aggregated machine in per unit are the same as the WTG in
respective machine base [2], [28].
The WTGtr model is scaled such that the power losses and
voltage drop across the transformer are equal [2]. If R, L,
and C, respectively represent the series equivalent resistance,
inductance and capacitance of a pad mounted transformer, and
n WTGs are aggregated to form a machine, a transformer in
the AWS is represented using the parameters R/n, L/n and
Cn.
D. Aggregation of the collector network
Fig. 3: A WF1 A1 string showing the current flow through the 33
kV cable section
The aggregate impedance of a collector string is obtained
by comparing apparent losses in the collector string of the
FWS and the AWS. For an example collector string as shown
in Fig. 3, let I1, I2,... I10 be current injected by the WTGs
at buses 1,2... 10, respectively. Let us also assume that I1
= I2= ... = I10 = I , and impedance of a section is Z. The
apparent power losses in the string, ST = I2(
∑
5
m=1m
2Z +
∑
4
m=1m
2Z). Note that the 10th WTG output is feeding to the
non-aggregated cable. The current output of the aggregated
machine is Ia = 10I and apparent power loss through
an aggregate impedance Za would be I2aZa. Hence, Za =
(
∑
5
m=1m
2Z +
∑
4
m=1m
2Z)/102. However, current output
from all WTGs may not be equal all the time. Hence, instead
of using the simplified equation proposed, the apparent power
loss in each collector cable section is calculated separately. An
illustration of the calculation is given below.
1) Illustration: Fig. 3 shows current flowing through the
33kV collector cable sections of the WF1 A1. The series
impedance of each section is 0.0138 + i*0.0096 pu. The
apparent power loss in the string up to bus 10 is (Sloss) =
0.0007 -i* 0.0033 pu. The current flowing out of the string
from bus 10 is (Iout)= 0.407 + 0.272i pu. The impedance of
the equivalent string = Sloss/I2out = 0.0117 + i* 0.0081 pu.
The shunt admittance of each collector cable section = 0.0006
pu. The shunt admittance of the equivalent cable = 9*0.0006
= 0.0054 pu (nine 33kV cable sections aggregated).
A schematic representation of the AWS model which con-
tains 16 WTGs is shown in Fig. 4. Each collector string in
the original system is represented by an aggregated machine,
a WTGtr, an aggregated 33 kV cable, a non-aggregated 33 kV
cable. The capacities of the aggregated machines are listed in
Table 1. No changes are made to the remaining parts of FWS:
WTF, 132 kV cables, and VSC. The parameters of the network
are given in [1].
E. Wind Farm Modelling
The wind farm simulation program is organized by merg-
ing the models of the WTG, transformer, cable, VSC, and
VSC control as shown in Fig. 5. The WTG block contains
differential and algebraic equations representing DFIGs and
wind turbines. The states inside the WTG block are d-q axis
stator currents (ids and iqs), d-q axis stator voltages (eds and
eqs), rotor side converter cascaded PI controller states, grid
4Fig. 5: Structure of wind farm simulation program
Fig. 4: Aggregated model of the wind farm
TABLE I: Capacity of DFIGs in the AWS
Location Strings AWS - DFIG
capacity
WF1 A1
String-1, String-3, String-5 60 MW
String-2 45 MW
String-4 40 MW
WF1 A2
String-6 30 MW
String-7, String-8 40 MW
String-9 45 MW
String-10 25 MW
String-11 50 MW
WF2 A1 String-1 30 MWString-2, String-3 35 MW
WF2 A2 String-4 30 MWString-5 35 MW
side converter cascaded PI controller states, and wind turbine
mechanical states. A detailed derivation of the DFIG model
is reported in many literatures [10]. The transformers (WTGtr
and WFT), cables (S1, S2, 132kV), and VSC are modelled
using ‘Γ’ sections where vertical line indicates sending end
capacitance and horizontal line indicates series resistance and
inductance. Accordingly, the block representing transformer,
cable or VSC has four states such as D-Q axis sending
end (across capacitor) voltages (vsD and vsQ), and D-Q axis
receiving end (through inductor) currents (irD and irQ). The
VSC PI controller (VSCcontrol) has one state each in D and
Q axis.
The number above each block in the Fig. 5 indicates number
of elements that particular block represents. For example,
number 16 above the WTG block means that it represents
16 WTG machines of the AWS. Each state inside the block
has size 16x1, and they are indexed in the order shown in the
Fig. 4.
The simulation model of AWS is developed in MAT-
LAB/Simulink software. A linearized model of AWS is ob-
tained using command linmod [34] which returns state matrix
A, input matrix B, output matrix C, and feedthrough matrix
D. Eigenvalues {λi = σi ± jωi}n1 and eigenvectors, φi:
right eigenvector and ψi: left eigenvector, are obtained using
the command eig [34]. The frequency and % damping ratio
of a mode are found using the relations, f = ω/2pi and
ζ = −100σ/√σ2 + ω2, respectively. The relative participation
of kth state variable in ith mode pfki is given as [35],
pfki = (|φik||ψki|)/(
k=n∑
k=1
|φik||ψki|). In the presentation of
results in the following section, vector of participation factor
(PF), pfi, is normalized using the largest element in the vector.
III. MODAL ANALYSIS OF THE AGGREGATED SYSTEM
The AWS has 498 eigenvalues of which there are 173
complex pairs of eigenvalues with imaginary parts greater than
0.2 rad/sec. There are 80 pairs of eigenvalues in the very high
frequency range (>3 kHz) and 14 pairs in the range of high
frequency (500 Hz to 3 KHz). The very high frequency and
high frequency modes are not considered to be of importance
in the current analysis because they are well damped and are
not related to the dynamics under consideration. There are
18 modes in the frequency range 50 Hz to 500 Hz that are
classified as MFMs as opposed to the three modes in FWS.
There are also 16 stator modes having frequencies close to 50
Hz. There are 45 modes in the low frequency range (<50 Hz)
and they have very high damping ratio. The main focus of the
paper is on the MFMs and the stator modes.
A. Medium Frequency Modes (MFM)
Table II lists the frequency, damping ratio and the location
of the participating states for the MFMs identified in the AWS
5model. Compared to the three MFMs observed in the FWS,
the AWS contains 18 modes in the medium frequency range.
TABLE II: The MFMs in the AWS
Mode f (Hz) ζ(%) Location of Participating states
MF1 369 0.53 VSC, PCC and WFT
MF2 257 -3.2 VSC, PCC and WFT
MF3 117 -19.8 VSC, PCC and WFT
MF4 269 9.6 WTGtrs in WF2 and WFTs in WF2
MF5 229 8.9 WTGtrs in WF2 and WFTs in WF2
MF6 210 7.1 WTGtrs, WFTs and 132kV cables
in WF1
MF7 383 10 WTGtrs in WF2 A2
MF8 384 9.9 WTGtrs in WF2 A1
MF9 391 6.6 10th WTGtr in WF1 A2
MF10 382 4.8 2nd WTGtr in WF1 A1
MF11 388 5.8 6th WTGtr in WF1 A2
MF12 386 4.6 9th and 11th WTGtrs in WF1 A2
MF13 390 4.8 4th WTGtr in WF1 A1
MF14 390 4.7 7th , 8th and 9th WTGtr WF1 A2
MF15 380 10.2 2nd and 3rd WTGtr in WF2 A1
MF16 391 4.8 7th and 8th WTGtrs in WF1 A2
MF17 385 4.5 1st, 3rd, and 5th WTGtrs in WF1 A1
MF18 385 4.5 10th WTGtr in WF1 A1
Table III shows the participating states of the MF1 and
corresponding participation factor. The first column indicates
the AWS element and state name. For example WFT/irD
means inductor current in the WFT block. The second column
refers to index (ID) of the element. For example, State =
WFT/irD, and ID = 2, means that the state is located at the
second WFT which is in the WF1 A2. If ID=4, it indicates
to the state is located in the WFT in the WF2 A2. The states
participating in the MF1 are located between the VSC and the
WFTs.
TABLE III: Characteristics of the MFM1
State ID PF Description
V SC/irQ 1 0.28 irQ through VSC
WFT/irQ 1 0.31 irQ through WF1 A1 WFT
WFT/irQ 2 0.31 irQ through WF1 A2 WFT
WFT/irD 3 0.25 irQ through WF2 A1 WFT
WFT/irD 4 0.25 irD through WF2 A2 WFT
V SC/irD 1 0.37 irD through VSC
V SC/vsQ 1 0.71 vsQ at PCC
V SC/vsD 1 1.00 vsD at PCC
WFT/irD 1 0.46 irD through WF1 A1 WFT
WFT/irD 2 0.47 irD through WF1 A2 WFT
132kv/vsQ 1 0.20 vsQ at WF1 A1 WFT HV bus
132kv/vsQ 2 0.20 vsQ at WF1 A2 WFT HV bus
132kv/vsD 1 0.28 vsD at WF1 A1 WFT HV bus
132kv/vsD 2 0.28 vsD at WF1 A2 WFT HV bus
132kv/vsD 3 0.25 vsD at WF2 WFT HV bus
The MF1 in the FWS [1] has frequency = 344.3 Hz (close
to 7th harmonics) and damping ratio = 7.47 % compared to
frequency = 369.3 Hz and damping ratio = 0.53 % in the AWS.
The frequency in both the systems are close though there is a
big difference in the damping ratio. However, the participating
states and their corresponding participation factors are similar
in both the cases. Since the aggregation method used in
this work did not change the high voltage side of the wind
farm, where the MF1 participating states are located, the
state participation of the MF1 did not change. However, the
aggregation of collector strings affected the damping ratio of
the MF1.
The Table IV, and the Table V show the characteristics of
the MF2, and the MF3, respectively, present in the AWS. Their
frequencies are close to the 5th, and 2nd harmonics of the power
frequency. The MF1 and the MF2 have participation from the
current and voltage states in the VSC, 132 kV cable and the
WFTs. The MF3 has participation from states closer to the
VSC. Modes with similar characteristics are observed in the
FWS as well [1]. The MF2 has frequency = 243.4 Hz and
damping ratio = 3.15 % in the FWS compared to frequency =
257 Hz and damping ratio = -3.2 % in the AWS. Similarly, the
MF3 has frequency = 99.7 Hz and damping ratio = 6.7 % in
the FWS compared to frequency = 117 Hz and damping ratio
= -19.8 % in the AWS. Interestingly, though the frequencies
are close, the damping ratios the MF2 and the MF3 differ
significantly between the AWS and the FWS.
The remaining 15 modes (MF4 to MF18) are not observed
in FWS and they are grouped under the term synthetic modes
in AWS. The analysis of synthetic modes are presented in
Section III-B.
TABLE IV: Characteristics of the MFM2
State ID PF Description
V SC/irQ 1 0.60 irQ through VSC
WFT/irQ 1 0.31 irQ through WF1 A1 WFT
WFT/irQ 2 0.32 irQ through WF1 A2 WFT
WFT/irQ 3 0.14 irQ through WF2 A1 WFT
WFT/irD 3 0.18 irD through WF2 A1 WFT
V SC/irD 1 0.32 irD through VSC
V SC/vsQ 1 1.00 vsQ at PCC
V SC/vsD 1 0.60 vsD at PCC
V SCcontrol 1 0.31 VSC controller state
/stateD
V SCcontrol 1 0.18 VSC controller state
/stateQ
WFT/irD 1 0.20 irD through WF1 A1 WFT
WFT/irD 2 0.21 irD through WF1 A2 WFT
132kv/vsQ 1 0.20 vsQ at WF1 A1 WFT HV bus
132kv/vsQ 2 0.21 vsQ at WF1 A2 WFT HV bus
132kv/vsQ 3 0.29 vsQ at WF2 tr HV bus
132kv/vsD 1 0.18 vsD at WF1 A1 WFT HV bus
132kv/vsD 2 0.18 vsD at WF1 A2 WFT HV bus
132kv/vsD 3 0.17 vsD at WF2 tr HV bus
1) Effect of operating condition: The variation in the MFM
frequency and damping for the following four test cases are
analyzed. The results are compared with the corresponding
results obtained from the FWS in [1].
Test-1: The base case where all the WTGs of both the wind
farms are in service.
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State ID PF Description
V SC/irQ 1 0.58 irQ through VSC
V SC/irD 1 1.00 irD through VSC
V SC/vsQ 1 0.11 vsQ at PCC
V SC/vsD 1 0.19 vsD at PCC
V SCcontrol 1 0.42 VSC controller state
/stateD
V SCcontrol 1 0.61 VSC controller state
/stateQ
Test-2: The WF2 is partially shut down. Only five WTGs
in the WF2 are working, which are located at the end of the
strings. They are selected such that the entire 33-kV collector
cables remain energized.
Test-3: The WF1 A2 is partially shut down. Only eleven
WTGs in the WF1 A2 are working which are located at the
end of the strings. All the WTGs in the WF1 A1, and the WF2
are producing rated output.
Test-4: The WF1 A1 and the WF1 A2 are partially shut
down. Only 10 WTGs in the WF1 A1 and 11 WTGs in the
WF1 A2 are working which are located at the end of the
strings. The WTGs in the WF2 are producing rated output.
Fig. 6 and Fig. 7 show the comparison of frequency and
damping ratio for the MFMs observed in the FWS and the
AWS. As seen from the figures, the frequency of the modes are
quite close in both the system models. However, differences
are observed in the damping ratios of the modes between the
two system models.
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Fig. 6: Comparison of frequencies of the MFMs observed in the FWS
and the AWS for different test conditions. Modes are marked using,
MF1 : *, MF2 : +, MF3 : x. Straight lines connect the modes of the
FWS and the dashed lines connect the modes of the AWS
2) Effect of VSC tuning: The VSC controller transfer func-
tion in the FWS [1] is tuned such that the transfer function
between the reference voltage and the PCC voltage has a
gain cross over frequency of 100 Hz. The controller tuning
frequency is varied from 75 Hz to 175 Hz and the changes
in the MFMs are observed. Fig. 8 and Fig. 9, respectively,
show the variation in frequency and damping ratio for the
MFMs with changes in the VSC controller tuning frequency
for both the FWS and the AWS. The frequency and damping
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Fig. 7: Comparison of damping ratios of the MFMs observed in the
FWS and the AWS for different test conditions. Modes are marked
using, MF1 : *, MF2 : +, MF3 : x. Straight lines connect the modes
of the FWS and the dashed lines connect the modes of the AWS
ratios of all three modes follow the same pattern of change
as the controller tuning frequency is increased; however, a
notable difference in the damping ratio exists for a similar
controller tuning applied to the two systems. It is clear that
the aggregated representation of the collector string reduces
the damping of the MFMs.
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Fig. 8: Comparison of frequencies of the MFMs observed in the
FWS and the AWS for different VSC tuning frequencies. Modes are
marked using, MF1 : *, MF2 : +, MF3 : x. Straight lines connect the
modes of the FWS and the dashed lines connect the modes of the
AWS
B. Characteristics of the synthetic modes
There are 15 additional modes in the medium frequency
range that have been observed only in the AWS. Their fre-
quency and damping ratio are close to the MFMs observed in
the FWS. The characteristics of two of the synthetic modes,
MF6 and MF12, are shown in Table VI and Table VII,
respectively. The MF6 has participation from the states of
all WTGtrs of the WF1 except WTG6 and WTG10 (both
machines are comparatively small), the WFTs in the WF1
and the 132 kV cables connecting the WF1 and the PCC.
The MF12 has participation from the states, the WTG terminal
voltage and the WTGtr currents of the WTG9 and the WTG11.
Other synthetic modes also exhibit similar participation from
the states located at the 33 kV side of the AWS. These
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Fig. 9: Comparison of damping ratios of the MFMs observed in the
FWS and the AWS for different VSC tuning frequencies. Modes are
marked using, MF1 : *, MF2 : +, MF3 : x. Straight lines connect the
modes of the FWS and the dashed lines connect the modes of the
AWS
modes are the result of aggregating cable parameters and
representing them as lumped elements. One way to support
this interpretation is to consider the inertia (H constant) of the
equivalent DFIG to represent a string. Typically ten single
DFIG when aggregated has 50MW capacity and ten times
higher inertia. This moves some of the high frequency modes
in the FWS towards the range of the MFMs. Because of
this, additional 15 modes are appeared in the AWS which are
merely the result of aggregation and will not exist in reality.
The conclusions arrived based on the AWS should make clear
that these modes are not present in the FWS and make their
influence irrelevant.
TABLE VI: Characteristics of the MF6
State ID PF Description
WFT/irQ 1 0.62 irQ through WF1 A1 WTF
WFT/irQ 2 0.58 irQ through WF1 A2 WFT
132kv/irD 1 0.25 irD through WF1 A1 132kv
132kv/irD 2 0.24 irD through WF1 A2 132kv
WFT/irD 1 1.00 irD through WF1 A1 WFT
WFT/irD 2 0.92 irD through WF1 A2 WFT
WTGtr/vsd 1 0.32 vsD at WTG-1 terminal
WTGtr/vsd 2 0.29 vsD at WTG-2 terminal
WTGtr/vsd 3 0.32 vsD at WTG-3 terminal
WTGtr/vsd 4 0.24 vsD at WTG-4 terminal
WTGtr/vsd 5 0.32 vsD at WTG-5 terminal
WTGtr/vsd 7 0.24 vsD at WTG-7 terminal
WTGtr/vsd 8 0.24 vsD at WTG-8 terminal
WTGtr/vsd 9 0.28 vsD at WTG-9 terminal
WTGtr/vsd 11 0.31 vsD at WTG-11 terminal
C. Characteristics of stator modes
The AWS contains 16 stator modes corresponding to 16
WTGs. They have poor damping ratios and frequencies close
to the power system frequency. Characteristics of one of the
stator modes is shown in Table. VIII where the mode has
participation from the states of three of the WTGs. Similar to
the FWS, the stator modes also have participation from one or
more WTGs. In the FWS, the stator modes have frequencies
TABLE VII: Characteristics of the MF12
State ID PF Description
WTGtr/irQ 11 0.55 irQ through WTGtr-11
WTGtr/irD 9 0.25 irD through WTGtr-9
WTGtr/irD 11 0.92 irD through WTGtr-11
WTGtr/vsq 11 0.59 vsQ at WTG-11 terminal
WTGtr/vsd 9 0.26 vsD at WTG-9 terminal
WTGtr/vsd 11 1.00 vsD at WTG-11 terminal
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Fig. 10: Plot of the PCC voltage following a change in the reactive
power reference of the WTGs in the AWS
close to 49.25 Hz (±0.05) and a damping ratio 1.65 % (±0.02)
whereas, in the AWS, they are 48.89 Hz (±0.1) and have a
damping ratio of 0.96 % (±0.03), respectively.
TABLE VIII: Characteristics of the stator modes in the AWS
State ID PF Description
WTG/eqs 3 0.60 WTG-1 stator iqs
WTG/eqs 5 1.00 WTG-3 stator iqs
WTG/ids 3 0.53 WTG-1 stator ids
WTG/ids 5 0.89 WTG-3 stator ids
WTG/eqs 3 0.58 WTG-4 stator ids
WTG/eqs 5 0.96 WTG-1 stator eds
IV. DYNAMIC SIMULATION OF AGGREGATED WIND FARM
MODEL
The modal analysis results on the AWS presented so far
have shown that aggregation has changed the damping ratios
of the MFM and introduced many synthetic modes. Fig. 10
shows the PCC voltage following a change in the reactive
power reference input of the WTGs in the FWS and the AWS.
Due to the negative damping of the MFMs, simulation of the
AWS produces an unstable response. The simulation failed to
continue to the end of the study period.
In order to gain an understanding of the performance of
the aggregated system, it is desirable to get response where
simulation can continue till the end of the simulation duration.
The VSC controller is retuned to improve the damping of
MFM in both the FWS and the AWS. A step change in
the VSC reference input is applied to both the systems with
the new controller and the results are presented in the next
subsection for comparison.
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Fig. 11: PCC Voltage following a 10% increase in the PCC reference
voltage using the FWS. Inset shows magnified view of the plot
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Fig. 12: PCC Voltage following a 10% increase in the PCC reference
voltage using the AWS. Inset shows magnified view of the plot
A. 10% increase in VSC reference voltage
Fig. 11-16 show various voltages in the systems following
a step change in VSC reference input at time t=1sec.
Oscillations in the MFM range are visible in the PCC
voltage obtained from both the systems (Fig. 11 and Fig. 12).
As expected, the settling time of the oscillations in the AWS
is more due to poor damping of the MFM. The voltage at the
33 kV bus of the WF1 A1 WFT in the FWS and the AWS
are shown in Fig. 13 and Fig. 14, respectively. The MFM
oscillations are not visible in the voltage waveform of the
FWS. However, in the AWS, the waveform is distorted due to
the presences of the MFMs and the synthetic modes.
Similarly, voltage at the terminal of the WTG1 obtained
from the FWS and the AWS are shown in Fig. 15 and Fig. 16,
respectively. The waveform is free from any MFM oscillations
in the FWS compared to the severely distorted waveform in
the AWS. The WTG terminal voltage in the AWS settles faster
than the FWS because of the aggregated control action of the
aggregated WTG than several WTGs forming a string in the
FWS. It is to be noted that in the AWS the low frequency
oscillations at the WTG terminal voltage appears to settle
faster, but in reality the oscillations prolong for around 3 sec
as observed in the FWS. Similarly, oscillations in the range of
power frequency harmonics are visible at the WTG terminal
in the AWS simulation results which is a concern for converter
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Fig. 13: Voltage at the WF1 A1 WFT 33kV bus following a 10%
increase in the PCC reference voltage using the FWS. Inset shows
magnified view of the plot
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Fig. 14: Voltage at the WF1 A1 WFT 33kV bus following a 10%
increase in the PCC reference voltage using the AWS. Inset shows
magnified view of the plot
designers, but is not present in the simulation results obtained
from the FWS. It is clear that the aggregation of the WTGs
alters characteristics of the complete system and due care must
be taken while interpreting the results.
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Fig. 15: Voltage at the WTG1 terminal following a 10% increase in
the PCC reference voltage using the FWS.
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V. CONCLUSIONS
In this paper, the order of the wind farm system is reduced
by aggregating some of the WTGs and the collector system
cables in order to analyze the consequences of aggregation
on the critical modes of system resonance. The dynamic
aggregation of the system does simplify the computational
complexity and the frequency characteristics of the critical
modes are preserved in the aggregation, but it does produce
significantly different values of damping to the modes close to
the 2nd, 5th and 7th harmonics of the power system frequency.
Both frequency and time domain analysis confirm this. Also,
more MFMs in the region of 50 Hz to 500 Hz, the “syn-
thetic modes”, appear because of the equivalencing. In some
operating conditions damping ratios are even negative giving a
qualitatively different assessment of stability conditions when
compared with that obtained from a detailed and complex
model reported in [1]. The dynamic simulation results obtained
from the FWS and the AWS show differences in voltage
waveforms at different buses of the system. This clearly
suggests that the existing practice of dynamic equivalencing is
not adequate. It is required to explore improved aggregation
methods. Our immediate future research is undertaking this
task.
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